of forests inventories, there is a need to develop new tree identification techniques that can be 10 used as tools for rapid tree taxonomic or ecological assessment of large areas. In this paper, 11
we investigate the capabilities of combining photo interpretation, dichotomous identification 12 keys and a web-based interface to map trees by the appearance of the crowns. 13 14 High-resolution satellite imagery for biodiversity assessment has generated high 15 expectations but is still in the early stages of development (Nagendra & Rocchini 2008) . 16 Temperate regions provide the most advanced information on ecological research and forest 17 biodiversity. Meanwhile the tropics offer a challenge due to a more complex canopy structure 18 and a greater number of species (Nagendra 2001) . Since the early 1970s until mid-1980s, 19 significant progress was made in demonstrating the potential application of aerial 20 photographs for tropical tree identification. In rain forests located in Surinam, Wittgenstein (1978) found that "species could be identified with a reasonable degree of 22 success". Subsequently, Myers (1982 b ) explored means of describing upper canopy tree 23 crowns in northern Queensland rain forests in Australia, developing terminologies based on 24 structural characteristics of internal crown parts using stereoscopy of stereo images. These 25 traditional taxonomy and could also improve monitoring of tropical forest diversity from the 10 air. A combination of high-resolution aerial photographs, dichotomous keys, and a web-based 11 interface was used for the characterisation and identification of tree crowns. Our objectives 12
were to: (a) understand and describe crown properties suitable for taxonomic identification 13 for 10 taxa; (b) classify the crown properties in a taxonomical manner using a dichotomous 14 key; and (c) validate the identification accuracy of the keys through users via a web-based 15 interface. 16 
17

Methods
19
Study area 20 21
The fieldwork was conducted at Tiputini Biodiversity Station (TBS) in the Amazonian 22 region of western Ecuador, Orellana Province (Figure 1 ). TBS is located on the equator (0° 23 37' S -76° 10' W), next to Yasuni National Park, which is a UNESCO biosphere reserve 24 (Myers et al. 2000) . The Yasuni region has an average rainfall of 3200 mm/yr -1 and an 25 average annual temperature of 15° C. Ninety percent of the land area is terra firme forest, 1 with 10% swamp and riverbank forest coverage (Pitman 2000) . Low-elevation aerial photography, which produces high-resolution data, is not routinely used 12 in the Amazon basin because cloud-free days are rare. Due to limitations in fuel capacity and 13 high winds which caused unexpected deviation from predetermined flight routes, it was only 14 possible to cover 80 % of the TBS reserve area by airplane. The time of the day the images 15 were acquired was between 12:00 and 13:00 h. The sky was about 80 % clear, with just a few 16 isolated clouds. Both high-quality images and distorted imagery was collected. The set of 17 images used for our analysis were those that were not blurred and did not contain 1 irregularities such as shadows and bright illumination. Gyroscopic instrumentation was not 2 used and therefore crowns in these images were geometrically distorted. In order to reduce 3 the motion effect and improve the image quality, a motion compensation frame was used. 4
The camera was calibrated to determine the relationship between the distance of the sensor 5 from the target, the spatial resolution and spatial coverage. Images were also taken from a 6 helium balloon below 200 m above the ground. This complementary technique was used to 7 obtain hyper resolution-images of the crowns and establish control points in the observable 8 features of the landscape. The helium balloon images were used as a reference for creating a 9 more robust control point strategy. The combination of the hyper-resolution images 10 (approximately 6 cm pixel size) with the low-elevation airborne imagery was used to improve 11 accuracy in our methodology. 12
13
Image control and georeferencing 14 
15
The aerial photos were georeferenced using GPS data through an iterative approach, using 16 the 1200-m imagery (Jarvis 2005). First, in-flight GPS data and camera characteristics 17 derived from the calibration were used to georeference the images. The GPS height was used 18 to calculate the spatial coverage and geographic points of the corner points, which were 19 subsequently used as control points in the georeferencing. 20
21
In order to secure the spatial geographical location accuracy, common features were 22 identified for control points, using at least 10 points per image. Identifiable features on the 23 crudely georeferenced image closest to the TBS accommodation cabins were selected. The 24 easiest and most observable features to identify were buildings. Logs and outcroppings in the 25 1 away from buildings it was more difficult; only features such as large gaps, flowering trees, 2 large leafless trees and some especially prominent palms could be identified. These features 3 were visited in the field and the approximate coordinates of each identified feature were 4 entered into a Garmin12 GPS unit. Once the precise point was found, the Trimble ProXL 5 GPS unit was left for at least 10 minutes in order to calculate a geographic position. For each 6 image, features located in each corner and a central point was used to establish at least five 7 GPS points. 8 9 This "dispersive" method was used to first to georefence all 1200-m images. The root mean 10 square was approximately 3-5 pixels (equivalent to 1-2 m). Once the 1200-m images had 11 been georeferenced, they were mosaicked (33 % overlap with the first image) to form a single 12 image of the study site. This mosaic was then used as a base map with which to georeference 13 the 600 m imagery with ERDAS Imagine software (Alexandria, VA, US), using bi-linear 14 interpolation of the GPS points. The helium balloon images were more easily georefenced 15 due to the clarity in the photos. Reference features were also located on the ground, and 16 ERDAS Imagine was used to georeference only the high-quality images. The approximate 17 accuracy of the georeferencing using this method was 1 m. 18
Collection of tree data 19 20
Tree data were collected using image-centered selection and ground-centered methods. 21
22
Image-centered selection 23 
24
Individual crowns were selected by hand from the aerial photographs. Different crown 1 types were chosen in different locations at TBS. Elevation, upslope area indicative of soil 2 wetness, proximity to rivers and slope were the biophysical criteria used for selecting 3 samples. The image-centered sampling strategy ensured that selected crowns represented a 4 combination of these environmental variables. Each visually selected crown was marked as a 5 collection point. When visiting the field, crowns selected from the imagery were located 6 individually with the aid of a GPS. Most of the crowns sampled and identified taxonomically 7 during image-centered sampling belonged to six dominant families. This stage of sampling 8 did not achieve the minimum statistical sample of sixty crowns per taxa. Therefore, a second 9 data collection was required. 10 11
Ground-centered collection 12 13
The purpose of ground-centered collection was to ensure that a minimum of 60 crowns 14 were ground-sampled in each genus and family. We first located a conspicuous reference 15 point such as a tall tree to be used as the starting collection position. Once the collection point 16 was located on the ground with respect to the imagery, surrounding tree crowns in different 17 directions were GPS-located, mapped and identified taxonomically. In this way, the initial 18 database was enlarged with reliable samples that were taxonomically easy to recognise in the 19 field and on the image. types, due to differences in structural configuration with crown types of the Guyana flora. 4
The glossary (Table 1 ) defines the crown characteristics criteria, with a total of three crown 5 properties and 12 sub-classes. Each of the studied taxa was described according to the crown 6 characteristics (Table 1 and Figure 4) . Crown properties were assigned to each sample tree 7 according to the representative crown properties (Figure 4) The assigned crown properties were combined with the taxonomic identification for each taxa 7 and used to develop a set of dichotomous keys for the whole dataset as described in Figure 5 . 8
These identification keys consisted of comparing two contrasting characters using a 9 discrimination task, resulting in the identification of the tree. 10 Using the identification key, two web-based identification keys were developed (Figure 6 ). 7
The reason for this was to determine which key was more accurate for the identification of 8 the 10 tree crowns. Key two differs from key one as it contains an image of the crown in 9 addition to the drawing. Both keys were embedded in the TBS photo mosaic displayed in 10 Google Earth (accessible at www.ambiotek.com/treeid). Users were directed to go to the 11 website and using both keys, identify the ten taxa. One hundred volunteers served as key 12 users, the majority having experience in plant ecology, environmental studies, remote sensing 13 and physical geography. The crowns to be identified were marked red on the mosaic. By 14 clicking on the mark, the user could display the keys, which include a set of dichotomous 15 questions. Each of the online keys allows the user to identify the crown in the images with 16 respect to the online description. 
Results
17
Identification accuracy 18 19
Identification accuracy between 70 % and 95 % was obtained using identification key two for 20
Iriartea deltoidea, Astrocaryum and Cecropia, and over 50 % using identification key one 21 (Figure 7) . From the ten taxa evaluated only five presented accuracy over 50 % (I. deltoidea, 22
Astrocaryum chambira, Cecropia, Inga and Parkia). Only I. deltoidea, A. chambira and 23
Cecropia have a taxonomic identification consistently over 50 % using both identification 24 keys one and two. Accuracy was higher with key two, except for Inga which has the easiest 25 crown type to identify apart from I. deltoidea and A. chambira. Because of Inga's flat upper 1 surface in the majority of the dataset, their identification accuracy was higher than other 2 crown types with a more complex structure. compared to the rest of the taxa. Key two produced more accurate results than key one, as can 11 be seen in Table 2 , as it had a lower rate of incorrectly identified taxa (562 for key 1 versus 12 469 for key 2). In other words, the identification error decreased when aerial pictures of the 13 crowns were included in the key display. The best identification results were obtained for I. 14 delotidea with only two errors in key one and one error in key two. On the other hand, a 15 higher number of identification errors with both keys were obtained for Pourouma and 16 The use of dichotomous keys combined with the application of a web interface makes our 7 research original. Dichotomous keys have been used extensively in taxonomic studies for at 8 least a century. They have been proven to be effective identification tools for a large variety 9 of plant groups. The main advantage of using a dichotomous approach is it allows 10 identification of the most appropriate taxonomic criteria in a simple, hierarchical and 11 systematic manner. In some cases a dichotomous key has not provided a high level of Crowns with a more complex and irregular texture produce lower overall accuracy. The most 23 reliably identified crowns tend to be more defined in appearance, as was demonstrated in our 24 results for the palm trees, which have very distinctive features and were identified with few 25 accuracy errors. This may be explained by the visual texture recognition theory, which 1 suggests that "structures with discernible elements can be segregated more easily than 2 patterns in which the same texture elements are more widely spaced" (Nothdurft 1985) . The 3 theory of the perception of textures states that "textures composed of well-defined texels 4 (e.g., bricks) may be more accurate than for textures with less well defined texels" (e.g., The topographic variation of the landscape is another factor that complicates the aerial 8 identification of the crowns. Particularly, the variation in slope is not always obvious for the 9 human eye due to the two-dimensionality of the surface in airborne imagery. This effect 10 creates a dual canopy surface that confuses the visual appearance of the object, in this case 11 the crown surface, with neighbouring features. 
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